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ABSTRACT 
 
Recently published studies not only demonstrated that laser printers are often significant 
sources of ultrafine particles, but they also shed light on particle formation mechanisms. 
While the role of fuser roller temperature as a factor affecting particle formation rate has 
been postulated, its impact has never been quantified. To address this gap in knowledge, 
this study measured emissions from 30 laser printers in chamber using a standardized 
printing sequence, as well as monitoring fuser roller temperature. Based on a simplified 
mass balance equation, the average emission rates of particle number, PM2.5 and O3 
were calculated. The results showed that: almost all printers were found to be high 
particle number emitters (i.e. > 1.01×1010 particles/min); colour printing generated more 
PM2.5 than monochrome printing; and all printers generated significant amounts of O3. 
Particle number emissions varied significantly during printing and followed the cycle of 
fuser roller temperature variation, which points to temperature being the strongest factor 
controlling emissions. For two sub-groups of printers using the same technology 
(heating lamps), systematic positive correlations, in the form of a power law, were 
found between average particle number emission rate and average roller temperature. 
Other factors, such as fuser material and structure, are also thought to play a role, since 
no such correlation was found for the remaining two sub-groups of printers using 
heating lamps, or for the printers using heating strips. In addition, O3 and total PM2.5 
were not found to be statistically correlated with fuser temperature.  
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1. Introduction 
 
Emissions from laser printers, including ozone (O3) and larger particles, were first 
reported over twenty years ago (Eggert and Andersen, 1987), and volatile organic 
compound (VOC) and NO2 emissions were reported nearly a decade ago (Brown, 
1999). However, submicrometer (<1µm) and ultrafine (<100 nm) particle emissions 
from laser printers have not been reported until recently (He et al., 2007; Kagi et al., 
2007; Seeger et al., 2006; Uhde et al., 2006; Wensing et al., 2008). To date, it has been 
found that particle emission rates vary (Wensing et al., 2008; Schripp et al., 2008), they 
can be affected by toner coverage (He et al., 2007; Uhde et al., 2006) and they differ 
between individual printers (He et al., 2007; Wensing et al., 2008; Schripp et al., 2008). 
In addition, Morawska et al. (2009) found that, following furnace testing, the heated 
toner powder, paper, fuser roller and lubricant oil were all potential submicrometer 
particle sources. Using a Volatility Hygroscopic Tandem Differential Mobility Analyser 
(VH-TDMA), they also found that the generated particles were in fact volatile and non-
hygroscopic.  
One important question is the reason why some printers are considerably higher 
emitters of particles and other pollutants than the others. Lee at al. (2001) suggested that 
reducing fuser temperature may result in lower VOC emissions. Recently, Wensing et 
al. (2008) reported that the high-temperature fuser unit is thought to be one source of 
ultrafine particle emissions. Morawska et al. (2009) investigated the emission rates and 
fuser temperatures of two printers, to test the hypothesis that printers with a higher fuser 
temperature emit more particles. However, the results showed the opposite to be the 
case and demonstrated that the printer with the higher fuser temperature actually emitted 
fewer particles (to be precise, the authors showed that the particles were of a secondary 
nature and were not emitted by the printer but formed in the air from the precursors 
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emitted by the printer). The authors also found that particle emissions varied during 
print jobs on the same printer and hypothesised that the intense bursts of particles were 
actually associated with variations in fuser roller temperature, and that the difference 
between high and low emitters lies in the speed and sophistication of the fuser 
temperature control.   
In summary, the role of the fuser roller temperature as a factor affecting particle 
formation rates has been postulated, and the reasons for this explained in terms of the 
proposed particle formation mechanisms. However, so far, no studies have been 
undertaken to specifically investigate the relationship between the temperature and 
particle formation rates, or more importantly, to quantify it. 
In order to fill this gap in knowledge, this study aimed to: (1) quantify the pollutant 
emission rates (submicrometer particle, O3 and PM2.5) of office laser printers currently 
available on market; (2) determine the fuser roller temperature characteristics for each 
printer during printing; (3) analyse the relationship between fuser roller temperature, O3 
and particle emission rates for the printers investigated; and (4) draw conclusions 
regarding the role of fuser temperature on particle formation during printer operation.  
 
2. Experimental Methods 
 
2.1 Printers  
For the purposes of this study, a total of 30 office laser printers were supplied by 
various manufacturers (P1-30). This included fifteen colour and fifteen black & white 
printers. All printers were kept indoors (temperature: 20-23ºC, relative humidity (RH): 
35-55%) for at least five days prior to being placed in the chamber, and all printers were 
tested using their original toner cartridges and the same type of paper. The size of the 
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printers varied from 0.056 to 0.380 m3 and most of the printers were clearly too large to 
be used as desktop printers.  
In general, the design of printer fuser heating systems differed between printers. In the 
printers tested, three types of fuser heating systems were used, namely heating lamps 
(23), heating strips (6) and heating wires (1). Of the 23 lamp heated printers, 9 used 1 
lamp, 9 used 2 lamps, and 5 used 3 lamps. Two of the five 3-lamp printers used 2 lamps 
for heating the roller (or upper roller) and 1 lamp for heating the pressure roller (or 
lower roller). In relation to the material the fuser rollers were made from, this is likely to 
differ between manufacturers, as well between different models from the same 
manufacturer. The size of fuser roller also varied between different printer models.   
 
2.2 Instrumentation 
 
2.2.1 Particle Size Distribution and Concentration 
Particle number concentration and size distribution in the size range 10 - 400nm were 
measured using a TSI Model 3934 Scanning Mobility Particle Sizer (SMPS) (TSI Inc. 
St. Paul, MN, USA), comprised of a TSI Model 3071 Electrostatic Classifier (EC) and a 
TSI Model Water-based Condensation Particle Counter (WCPC 3782), with a sampling 
time of 120 s. Total particle number concentration in the size range 0.007-3µm was 
measured by a TSI Model 3022 Condensation Particle Counter (CPC 3022), with a 
sample time of 1 s and during printer fuser temperature measurements, total particle 
number concentration in the size range 0.006-3µm was measured by a TSI Model 3871 
WCPC 3871, with a sample time of 1 s. Particle mass concentration (PM2.5) was 
measured by the TSI Model 8520 DustTrak aerosol monitor, with a sample time of 10 s. 
It should be noted that the DustTrak operates on a light scattering principle where the 
amount of scattered light is proportional to the volume concentration of the aerosol. 
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Therefore, the PM2.5 values obtained in this study are not actual gravimetric mass but an 
approximation, since the instrument was not calibrated for each specific aerosol studied. 
However, since it was mainly used for comparative purposes in this study, it fulfilled 
the objective of this work. 
 
2.2.2 Fuser Temperature during Printing 
The fuser roller temperature measurements were conducted at several different locations 
on the fuser roller (inside and outside of the fuser roller, as well as under the heating 
strip for some printers), using k-type thermocouples, as well as inbuilt fuser temperature 
sensors (thermistors) in the printer. The data were recorded by two CHY 48R digital 
Multiloggers and one digital Multimeter at 0.1 s and 1 s intervals, respectively.  
In general, for the printer fuser roller temperature measurements, thermocouples (with a 
time resolution of 0.3s) were placed on the inside or outside surface of the fuser heating 
roller. For some printers, one thermocouple was placed on the inside and another one 
was placed on the outside surface of the fuser heating roller, so that both inside and 
outside time series fuser temperatures were measured simultaneously. The output 
voltages of the printer inbuilt fuser temperature sensors (thermistors) were also 
monitored and recorded simultaneously.  
 
2.2.3 Other Pollutants and Parameters 
O3concentration was monitored using a UV-106 Ozone Analyzer (Ozone Solutions, Inc. 
IA, USA) with a flow rate of 1 L/min, a sampling time of 10s and an accuracy of ± 2%. 
Temperature and relative humidity inside the chamber were monitored using a TSI 
Model 8552 Q-Trak Plus, with a sample time of 10 s.  
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2.3 Study Design 
There were two main sets of measurements conducted in this study. The first was the 
chamber study to find the average emission rate (particle number, PM2.5 and O3), while 
the second was the bench study for finding the relationship between particle emissions 
(particle number concentration) and fuser roller temperature. 
In the chamber study, a box chamber, with volume of approximately 1 m3 and equipped 
with a stirring fan, was used to sample emissions from the printers in operation. Inlet 
and outlet ports were incorporated into the chamber to introduce particle and VOC free 
air by HEPA filters and charcoals and withdraw analytical samples for particle 
measurements. The air flow rate through the chamber during the experiments was 3.3 
L/min. A schematic diagram of the box chamber is shown in Figure 1. During the 
experiments, each printer was placed in the middle of the chamber and the 
measurements were conducted in three phases: (1) background concentration was 
measured until particle number concentration in the chamber was lower than 100 
particles/cm3 and PM2.5 concentration was lower than 0.001 mg/m3 (which was 
controlled by introducing particle and VOC free air); (2) concentration measurements 
were conducted from the beginning of the print job and continued for the duration of the 
print job (all print jobs were 150 pages, which ran for about 3-7 min dependent upon the 
printer model); and (3) the decay in concentration was measured for 100 – 160 minutes 
after each print job had terminated.  
In addition, for 6 of 23 lamp heated printers, fuser temperatures and particle number 
concentration were measured simultaneously on the laboratory bench using 
thermocouples and temperature sensors, as well as a TSI WCPC 3871, respectively, in 
order to identify the temperature at which particle emissions commenced. During these 
particle number concentration measurements no sampling tube was used, in order to 
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make the time delay as short as possible. Instead, the sampling inlet of the WCPC 3871 
was placed directly beside the exhaust fan of the printer. The same brand of standard 
quality white paper (PaperOne, 80 g/m2) was used in all of the experiments. The paper 
was stored in the laboratory at 22-25 °C and 40-60% relative humidity, and its water 
content under these conditions was 2.8%. For monochrome printers, measurements 
were conducted once for each printer, using 5% toner coverage. For colour printers, 
measurements were conducted twice, once for monochrome printing, using 5% toner 
coverage and again for colour printing, using 20% toner coverage. The monochrome 
and colour printing patterns used in the experiments were those specified in 
international standards (ISO/IEC 28360:2007(E)). Likewise, during the printer 
operating phase, the RH was maintained at less than 85%, as specified by these testing 
standards. These methods were similar to the methods used in our previous studies (He 
et al., 2007; Morawska et al., 2009) and the calculation of average emission rates was 
also the same as in our other previous study (He et al., 2007). In brief, the average 
emission rates were calculated using a simplified mass balance equation and box model 
(He et al., 2007), which assumed a constant emission rate (not dependent on time) for a 
short period of time during printing. All statistical analyses (correlation, regression, t-
test) were conducted using a statistical analysis software package – SPSS for Windows 
Version 10 (SPSS Inc.). A level of significance of p = 0.05 was used for all statistical 
analyses.  
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3. Results and Discussion 
3.1 Particle Emission Rates 
In total, 45 emission experiments were conducted in the box chamber (1 per 
monochrome printer, 2 per colour printer, as described above). The measured particle 
number, PM2.5 and O3 emission rates during monochrome printing and colour printing 
are presented in Figures S1 and S2, respectively. The printers are arranged in order of 
increasing emission rate. A summary of the measured particle number, PM2.5 and O3 
emission rates for Figures S1 and S2 are presented in Table 1 and Table 2, respectively. 
From these figures and tables, several conclusions can be drawn: (1) all of the printers 
generated particles during operation; (2) the difference in both particle number and 
particle mass emission rates between the lowest emitter and highest emitters were 
approximately three orders of magnitude for 5% toner coverage during monochrome 
printing, and two orders of magnitude for 20% toner coverage during colour printing; 
(3) all of the printers emitted O3during operation; and (4) the difference in O3 emission 
rates between the lowest and highest emitters was approximately two orders of 
magnitude during monochrome printing, and one order of magnitude during colour 
printing. It should also be noted that the O3 emission rates of these printers during 
monochrome printing were comparable to the results reported by Tuomi et al. (2000) 
who tested 3 HP printers.  
Based on the particle number emission rate classification system used in He et al. 
(2007), whereby if a printers emission rate is higher than 1.01 × 1010 particle/min it is 
considered to be high emitter, all of the printers, except one, were high emitters during 
monochrome printing, and all of the colour printers were high emitters during colour 
printing.  
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A comparison of emission rates between colour printing and monochrome printing 
found that, in general, the emission rates for 10 of the 15 colour printers were higher 
during colour printing than during monochrome printing, however the difference was 
not statistically significant. All of the colour printers generated more PM2.5 during 
colour printing than during monochrome printing, except one, and this difference was 
found to be statistically significant (p < 0.05). Similarly, all of the colour printers 
generated more O3during colour printing than during monochrome printing, except one, 
and this difference was also statistically significant (p < 0.05). The ratios of particle 
number, PM2.5 and O3 emission rates for colour versus monochrome printing are 
presented in Figure S3, where a ratio greater than one indicates that the emission rate 
was higher during colour printing than during monochrome printing.  
 
3.2 Printer Fuser Temperature  
The average outside fuser roller temperature differed between individual printers, with 
the highest temperature being about 210 ºC and the lowest being about 130 ºC. Outside 
fuser roller temperatures also varied during printing, with the highest variation being 
about 35 ºC and the lowest about 2 ºC. In general, there were two types of fuser roller 
temperature variations, classified as either regular or irregular, depending on the 
frequency of the variations. To illustrate this, some examples of the fuser temperature 
variation are given in Figure S4. Typically, the printers using heating lamps showed 
regular variations, while printers using heating strips showed irregular variations, with 
the frequency of temperature variations found to be different for each printer. In 
general, there was no significant difference in the outside fuser roller temperature 
between monochrome and colour printing, however, in some cases, large page numbers 
resulted in higher temperatures. 
 11
The two fuser roller systems (heating lamps and heating strips) used different materials, 
structures and heating technology for their fuser rollers. This resulted in different 
temperature values and profiles. For example, in printers using heating strips, the 
difference in temperature between the inside and the outside of the fuser roller was 
about 7 ºC. However, for the printers using heating lamps, the difference in temperature 
was as high as 220 ºC.  
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3.3 Time Series of Fuser Temperature and Particle Emission Rates  
The simultaneous fuser temperature and particle emission measurements for the 6 lamp-
heated printers, measured during the bench study, provided an insight into the 
relationship between these two parameters. Figure 2 shows that as soon as the printer 
was turned on, the fuser roller temperature (both inside and outside) increased sharply 
and this was accompanied by a simultaneous increase in particle concentration. Since no 
paper or toner was involved in this process (i.e. turning the printer on), it suggests that 
these particles were most likely generated directly from the fuser rollers surface and/or 
from the paper and toner residues on the roller surface. It can also be seen that while the 
printer was idling (i.e. after it was turned on but before printing), particle concentration 
decreased as the fuser roller temperature decreased. In general, it was found that the 
variation in particle number concentration followed the same pattern as the variation in 
temperature. It can also be seen from Figure 2 that the peak particle concentration in 
each of the separate tests varied from 7.59 × 104 to 2.35 × 105 particles/cm3, which 
indicates that the emission rate was not constant, despite using the same operating 
conditions.  
Figure 3 shows an expanded view of the results from one of these tests. The variation in 
particle number concentration over time is shown in both figures, together with the 
corresponding temperature variations (a) inside and (b) outside the fuser roller. From 
these figures it can be seen that, although the increase in particle number concentration 
followed increases in both inside and outside temperatures, the decrease in particle 
number concentration tended to follow the decrease in inside temperature more closely 
than decrease in outside temperature. It should be noted that, since the thermocouple 
time resolution was 0.3 seconds, any fuser roller temperature variations that occurred < 
0.3 seconds apart would not have been recorded.  
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3.4 Relationship between Emission Rate and Average Fuser Roller Temperature 
 
Analysis of the emission rates and fuser roller temperatures for the 23 printers (P1-P22 
and P28) with heating lamps indicated that there was no statistically significant 
relationship between fuser temperature and PM2.5 emission rate. A weak positive power 
relationship was observed between fuser temperature and O3 emission rate, and 
although not statistically significant, this is still important, since O3 is a precursor in the 
formation of secondary particles from VOC’s.  
In contrast, a statistically significant (p < 0.05) positive power relationship was found 
between fuser roller temperature and particle number emission rate. This relationship is 
presented in Figure 4a. Based on the data set for 23 printers with heating lamps, an 
equation for calculating the average particle number emission rate of a laser printer was 
derived by fitting a curve to the relationship between average fuser temperature and 
average particle emission rates, which can be written (in the first order) as follows: 
b
pn aTER =  
where ERpn is the average particle number emission rate (particle/min); T is temperature 
(ºC), and a (2 × 10-14) and b (71,774) are semi-empirical parameters. This relationship is 
applicable to laser printers that use the same heating technology, with a similar type of 
fuser material and structure. For each such group of printers, a and b are the parameters 
that need to be derived empirically.   
When the printers were divided into groups according to manufacturer, it was found that 
two groups of printers showed a significant positive power relationship between fuser 
roller temperature and (high) particle number emission rate (see Figure 4b, c: P01-P05, 
p < 0.01 and P06-P10, p < 0.05). The remaining two groups (P11-P16 and P17-P22) did 
not show any clear power relationship between fuser roller temperature and particle 
number emission rate. Investigations into the structure and material used in the fuser 
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rollers indicated that the fuser rollers used in P01-P05 were similar, as were the fuser 
rollers used in P06-P10. In contrast, the fuser roller structure and material in P11-P16 
and P17-P22 differed between the individual printers. This was also the case for the five 
printers that used heating strips (P23-P26, P29).  
Analysis of the particle emission rates and average fuser roller temperatures for the 5 
printers with heating strips indicated that there was no statistically significant (p < 0.05) 
relationship between fuser roller temperature and particle number emission rate.  
In terms of colour printing, the results obtained for the 11 colour printers using heating 
lamps, measured during the box chamber experiments, showed that although there was 
a positive relationship between fuser roller temperature and particle emission rates, it 
was not statistically significant. However, this was a result of the limited data available 
from the colour printing experiments and further studies on colour printing would be 
useful to explore this relationship further. 
 
4. Conclusions 
 
This study quantified particle number, PM2.5 and O3 emission rates for a number of 
office laser printers currently available on market. It was found that although there was 
no statistically significant relationship between fuser temperature and PM2.5 or O3 
emission rates, a statistically significant (p < 0.05) positive power relationship was 
found between fuser roller temperature and particle number emission rate. The 
experimental results indicated that fuser roller temperature was the principal factor 
governing the rate of particle formation in laser printer operation and, for the first time, 
enabled this relationship to be quantified in the a form of a semi-empirical relationship 
linking the temperature to particle number emission rates for printers that use the same 
heating technology, with a similar type of fuser material and structure. This equation 
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can be used by printer manufacturers to assess the temperature at which the printer is 
operating, in order to maintain particle emissions below a certain level. Future studies 
on colour printing, as well as on fuser material and structure would be useful to explore 
this relationship further.  
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Table 1. Summary of the printing speed (page per minute), average fuse roller 
temperature and the determined emission rates for all printers using 5% toner coverage 
during monochrome printing. (Horizontal lines divide printers into groups belonging to 
the same manufacturer.) 
 
Table 2. Summary of the printing speed (page per minute) and the determined emission 
rates for all printers using 20% toner coverage during colour printing.  
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Figure 1: Schematic diagram of the instrumental set up for box chamber measurements. 
CPC: condensation particle counter;DustTrak: particle mass concentration (PM2.5) 
monitor; Q-Trak: temperature and relative humidity monitor, SMPS: Scanning Mobility 
Particle Sizer.  
 
Figure 2. Time series of fuser roller temperatures (inside and outside), along with 
particle number concentration measured at the exhaust fan of a printer (P08). A total of 
7 printing tests were conducted under the same conditions (20 pages at 5% toner 
coverage), with more paper added to the feeding tray during the fifth test.  
 
Figure 3. Time series of fuser roller temperature: (a) inside and (b) outside temperature, 
along with particle number concentration measured at the exhaust fan of a printer (P08) 
during printing of 20 pages at 5% toner coverage.  
 
Figure 4. The relationship between particle number emission rate and average fuser 
roller temperature for: (a) all of the tested lamp heating printers, (b) P10-P05 lamp 
heating printers and (c) P06-P10 lamp heating printers (printers in groups (b) and (c) 
belonged to different manufacturers  
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Table 1. Summary of the printing speed (page per minute), average fuse roller 
temperature and the determined emission rates for all printers using 5% toner coverage 
during monochrome printing. (Horizontal lines divide printers into groups belonging to 
the same manufacturer.) 
Printer ID 
 
T 
(°C) 
Printing 
Speed 
(p/min) 
Emission Rate 
Particle Number 
(p/min) 
PM2.5 
(µg/min) 
O3 
(µg/min)
P01  165 ± 4.88   36  7.19 ± 1.95 x 1010  0.97  33.8 
P02  148 ± 3.86  27  7.75 ± 4.20 x 1010  0.68  10.6 
P03  137 ± 3.49  42  1.85 ± 1.45 x 1010  0.33  10.4 
P04  175 ± 13.6  43  2.18 ± 1.06 x 1011  4.69  15.8 
P05  210 ± 3.56  50  1.73 ± 1.04 x 1012  0.56  28 
____________________________________________________________________________ 
P06  179 ± 2.94  34  2.30 ± 1.20 x 1011  1.69  18.9 
P07  160 ± 1.74  25  1.36  ± 1.08 x 1011  2.14  2.03 
P08  162 ± 7.71   25  6.22 ± 2.94 x 1010  1.28  1.8 
P09  175 ± 3.09  27  3.62 ± 0.66 x 1011  3.73  12.7 
P10  185 ± 1.17  37  5.50 ± 1.70 x 1011  282  97 
___________________________________________________________________________ 
P11  172 ± 1.95   30  2.47 ± 1.22 x 1010  0.26  0.55 
P12  168 ± 1.82  33  5.30 ± 4.02 x 1010  0.91  0.53 
P13  124 ± 1.96  43  4.15 ± 1.47 x 1010  1.31  20.8 
P14  182 ± 2.09  48  2.18 ± 0.64 x 1012  2.68  17.5 
P15  181 ± 1.36  48  3.30 ± 0.64 x 1012  1.53  61.5 
P16  197 ± 2.79  50  1.54 ± 0.46 x 1012  1.6  45.4 
___________________________________________________________________________ 
P17  147 ± 2.03  36  1.13 ± 0.91 x 1011  10.4  12.6 
P18  145 ± 10.5  42  4.03 ± 3.48 x 1010  1.49  16.1 
P19  180 ± 2.58  46  7.88 ± 3.03 x 1010  19.7  3.7 
P20  160 ± 1.87  26  1.23 ± 0.76x 1011  1.16  0.55 
P21  180 ± 9.16  41  2.77 ± 2.09 x 1010  5.21  14.1 
P22  145 ± 2.95  29  4.95 ± 1.09 x 1011  13.7  26.8 
___________________________________________________________________________ 
P23  190 ± 1.3  36  4.25 ± 2.10 x 109  7.26  6.64 
P24  180 ± 2.11  21  2.65 ± 2.04 x 1010  3.54  17.9 
P25  194 ± 5.00  29  1.86 ± 1.58 x 1011  1.13  7.68 
P26  184 ± 1.29  30  2.31 ± 0.29 x 1011  3.15  3.03 
P27  174 ±2.38  31  2.41 ± 0.81 x 1011  3.73  11.5 
P28  159 ± 1.55  51  4.05 ± 3.53 x 1011  42.9  16.6 
P29  205 ± 9.06  33  9.54 ± 4.14 x 1010  13.3  17.2 
P30  N/A  52  7.28 ± 7.10 x 1011  29.4  55.6 
Note: N/A, data no available. 
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Table 2. Summary of the printing speed (page per minute) and the determined emission 
rates for all printers using 20% toner coverage during colour printing.  
Printer ID 
Printing 
Speed 
(p/min) 
Emission Rate 
Particle Number 
(p/min) 
PM2.5 
(µg/min) 
O3 
(µg/min) 
P02  22 8.55 ± 7.55 x 1010  0.88  19.2 
P03  35 5.01 ± 3.85 x 1010  0.52  25 
P07  23 2.73 ± 1.76 x 1011  139  31.5 
P08  26 2.22 ± 1.65 x 1011  126  24.8 
P09  23 1.17 ± 0.45 x 1011  182  57.2 
P10  37 4.89 ± 2.46 x 1011  736  175 
P11  30 6.32 ± 2.97 x 1010  2.69  12.2 
P12  33 1.30 ± 0.56 x 1011  3.68  12.1 
P13  39 1.70 ± 1.20 x 1010  1.23  20.7 
P20  26 5.12 ± 2.82 x 1010  12.1  18.8 
P21  41 8.10 ± 5.29 x 1011  16  38 
P24  21 1.77 ± 1.36 x 1010  4.77  32.8 
P25  22 3.57 ± 1.42 x 1011  19.1  42.9 
P26  29 2.81 ± 1.31 x 1011  16.6  29.4 
P27  31 1.02 ± 0.94 x 1011  4.87  22.2 
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Figure 1: Schematic diagram of the instrumental set up for box chamber measurements. 
CPC: condensation particle counter; DustTrak: particle mass concentration (PM2.5) 
monitor; Q-Trak: temperature and relative humidity monitor, SMPS: Scanning Mobility 
Particle Sizer.  
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Figure 2. Time series of fuser roller temperatures (inside and outside), along with 
particle number concentration measured at the exhaust fan of a printer (P08). A total of 
7 printing tests were conducted under the same conditions (20 pages at 5% toner 
coverage), with more paper added to the feeding tray during the fifth test.  
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Figure 3. Time series of fuser roller temperature: (a) inside and (b) outside temperature, 
along with particle number concentration measured at the exhaust fan of a printer (P08) 
during printing of 20 pages at 5% toner coverage.  
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Figure 4. The relationship between particle number emission rate and average fuser 
roller temperature for: (a) all of the tested lamp heating printers; (b) P10-P05 lamp 
heating printers; and (c) P06-P10 lamp heating printers (printers in groups (b) and (c) 
belonged to different manufacturers).  
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Supplementary Material 
This section includes four supporting figures which show emission rates (particle 
number, PM2.5 and O3), the ratios of emission rates for colour printing versus 
monochrome printing, as well as examples of fuser roller temperature variation. 
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Figure S1. Summary of measured: (a) particle number, (b) PM2.5 and (c) O3 emission 
rates for 5% toner coverage during monochrome printing in the chamber.  
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Figure S2. Summary of measured: (a) particle number, (b) PM2.5 and (c) O3 emission 
rates for 20% toner coverage during colour printing in the chamber.  
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B: PM2.5
 
(c)  
0.10
1.00
10.00
100.00
M
3-
03
P
M
4-
04
P
M
4-
05
P
M
1-
02
P
M
2-
05
P
M
5-
02
P
M
5-
05
P
M
1-
03
P
M
2-
04
P
M
5-
03
P
M
5-
04
P
M
2-
03
P
M
2-
02
P
M
3-
01
P
M
3-
02
P
Printer ID
 R
at
io
 
C: O3
 
Figure S3. Summary of the ratios of: (a) particle number, (b) PM2.5 and (c) O3 emission 
rates for colour printing versus monochrome printing.  
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P18, T- roller outside surface, V- heating roller outside thermistor
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P06, T1- outside of heating roller, T2- inside of heating roller
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Figure S4: Some examples of the variations in fuser roller temperature: (A) irregular 
variation; (B) regular variation with large, long temperature fluctuations; (C) regular 
variation with small, short temperature fluctuations.    
